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Dielectric constant of particles determined by impedance spectroscopy
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Electrical characterization of slurries prepared by mixing dielectric powders with solvents can be
used to estimate dielectric properties of the particles. In particular, dielectric constant of the particles
can be calculated from effective dielectric constant of the slurry measured at high frequency by
using the Lorentz-Lorenz or similar equations based on mixing rules. Unfortunately, this approach
leads to high margin of errors in dielectric constant estimation and is very sensitive to any slurry
nonidealities such as sedimentation or agglomeration of particles. Impedance spectroscopy
techniques are introduced to measure dielectric properties of particles at different frequency ranges.
Dielectric constant of strontium titanate particles, suspended in butoxyethanol, was determined
reproducibly by impedance spectroscopy using an appropriate equivalent circuit model. © 2006
American Institute of Physics. DOI: 10.1063/1.2206411
INTRODUCTION
Various dielectric materials used in capacitor industry
can be considered as two-phase systems such as polymer
capacitors filled with ceramic particles 3-1 composites.
Even pure ceramic capacitors often behave as two-phase sys-
tems because of significant differences between the grain and
grain boundary properties.1 Hence, it is important to distin-
guish contributions of individual phases to electrical proper-
ties from overall properties of two-phase systems. Regarding
polymer-particle composites for electronic applications, al-
though the dielectric properties of the polymeric phase can
be measured simply using a bulk sample, it is a challenging
task to determine the dielectric properties of ceramic filler
particles.
Various approaches have been used to estimate the di-
electric constant of ceramic particles. One of the approaches
is based on electrical characterization of sintered dense ce-
ramic materials. This approach allows precise characteriza-
tion of the sintered material, but cannot be used to estimate
the dielectric properties of loose ceramic particles. For ex-
ample internal stresses which may exist within the polycrys-
talline sintered ceramics could alter the dielectric properties
of the material, whereas loose particles are not mechanically
constrained in the form of powders. Furthermore, the dielec-
tric properties of particles in nanometer size scale may be
significantly different than those in micrometer size scale.
Although the dielectric properties of sintered ceramics as a
function of grain size are widely studied, such investigations
for particulate materials have been limited mainly due to the
lack of reliable characterization methods to determine the
permittivity of particulate materials.
Another approach to estimate the dielectric properties of
particles is to conduct capacitance measurements on powder
compacts or slurries particles suspended in a liquid as two-
phase systems, followed by application of theoretical models
based on mixing rules.2 In particular, the Lorentz-Lorenz
equation3 allows estimating effective dielectric constant eff
of two component composite composed of uniformly distrib-
uted spherical particles with dielectric constant 1 and vol-







Unfortunately, powder compacts do not represent an
ideal system for which the mathematical models such as Eq.
1 would be applicable. Effective dielectric constant of the
compacts is highly sensitive to particle-particle interaction,
which can lead to errors in estimation of the permittivity of
particles based on mixing rules.2
Characterization of slurries may be a more suitable ap-
proach to evaluate the dielectric constant of particles. In slur-
ries the particles are dispersed in a liquid so that the appli-
cation of Lorentz-Lorenz equation 1 would be more
reasonable. Using liquids with a high dielectric constant 2
would result in more accurate estimation of 1 for particles
with high dielectric constant 1000 such as ferroelectrics.
However, availability of liquids with high permittivity is lim-
ited 270 for pro pylene carbonate or other highly polar-
izable liquids so that calculating the permittivity of particles
from the effective dielectric constant of slurry may involve
high margin of errors.
In several studies,4–8 dielectric measurements using slur-
ries are conducted at high frequency 10–20 MHz range to
ensure low dielectric losses so that the effective medium
theory such as Lorentz-Lorenz equation 1 would be ap-
plicable. However, the dielectric constant of the slurry eff
should be measured very precisely with an accuracy of sev-
eral decimal points in order to be able to calculate the dielec-
tric constant of particles 1 with a small margin of error.
Other factors affecting the reliability of measurements using
slurries include size, shape, agglomeration, and sedimenta-
tion of the particles. Nonideal slurries with respect to particle
dispersion could lead to significant errors in the calculated
value of the dielectric constant of particles 1. Hence, the
theoretical models have been modified by introducing vari-
ous parameters based on, e.g., particle shape and size factorsaElectronic mail: vpetrovs@umr.edu
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to minimize deviations of slurries from ideal systems.
Lorentz-Lorenz equations or fine element models which are
modified by incorporating such parameters are used to cal-
culate the dielectric constant 1 of particles.4–10
Impedance spectroscopy is a well established method to
investigate electrical properties of materials particularly mul-
tiphase systems. The objective of this study is to introduce
the impedance spectroscopy techniques as viable methods
for reliable and accurate measurement of the dielectric con-
stant of particles suspended in appropriate liquids.
THEORETICAL CONSIDERATION
Impedance spectroscopy techniques are applied to char-
acterize slurries as two-phase systems, similar to the methods
used to analyze polycrystalline materials, e.g., bulk and grain
boundary conductivities. Theoretical models considering the
parallel and series connections between each phase are two
extreme cases to analyze the impedance spectra. In the case
of parallel connection see Fig. 1a, the impedance spectra
will consist of only one ideal semicircle with an effective
dielectric constant of two phases:
eff = 1x1 + 21 − x1 . 2
If phases are connected in series see Fig. 1b, the im-
pedance spectra reveal two ideal semicircles. The effective
dielectric constants defined by the first H high fr equency
and second L low fre quency semicircles are expressed by
H = 2/1 − x1 , 3a
L = 1/x1. 3b
Semicircles in impedance spectra of slurries may over-
lap, since dispersion of particles in slurries is not ideal or
uniform. The effective dielectric constant retrieved from the
high frequency semicircle would follow the Lorentz-Lorenz
equation 1 or Eq. 3a depending on the slurry characteris-
tics and particle volume fraction x1. The low frequency semi-
circle is coupled with the dielectric constant of particles 1 in
the slurry. The effective dielectric constant, retrieved from
the low frequency semicircle, can be expected within a range
from 1 to 1 /x1 see Eq. 3b.
EXPERIMENTAL CONFIRMATION
An electrochemical cell with aluminum electrodes elec-
trode diameter: 44 mm, distance between the electrodes:
1.1 mm was built to conduct electrical measurements using
slurries with different liquids and SrTiO3 powders. An auto-
mated Solartron system 1255b frequency response analyzer
and 1470 cell tester was used to collect data of the imped-
ance spectra.
It should be noted that at least one of the slurry compo-
nents should be conductive to obtain an impedance spectrum
with distinctive semicircles. Since the conductivity of par-
ticles would remain constant, liquids with proper conductiv-
ity are used for slurry preparation. It is desirable to use liq-
uids with ideal or close to ideal impedance spectra so that the
analysis of the impedance spectra of slurries would be sim-
plified without introducing parameters for correction of mea-
sured data. Various liquids meet these requirements which
allow dispersing of particles in nonaqueous slurries. Butoxy-
ethanol was used in this study to prepare relatively stable
slurries.
The impedance spectra of butoxyethanol are depicted in
Fig. 2. It is shown that single RC circuit allows a good fitting
with experimental data in the frequency range from
100 Hz to 1 MHz relative error for resistance is 0.2% and
for capacitance is 0.4%. Using the capacitance value in Fig.
2 the dielectric constant of butoxyethanol is calculated to be
10.
Slurries with different solid loadings in the range from
5 to 35 vol % were prepared by mixing SrTiO3 powder with
butoxyethanol for impedance spectroscopy measurements.
Strontium titanate powder with particle size 5 m was
purchased from Sigma-Aldrich product No. 396141. Figure
3 shows experimental data open circles and fitting results
two solid semicircles for the slurry with 5 vol % solid load-
ing. Two distinct semicircles can be extracted from the spec-
tra even at low solid loadings so that the model with two RC
circuits connected in series ensures a good fitting fitting
errors are Rhigh=1.2%, Chigh=0.7%, and Rlow=3.5%,
Clow=8% for high frequency and low frequency semi-
circles, respectively. The presence of additional semicircles,
which may be related to other possible effects such as inter-
faces between particles and the liquid, was not observed us-
ing slurries investigated in this study.
The dielectric constant calculated from high frequency
semicircle is equal to the dielectric constant of butoxyetha-
FIG. 1. Impedance spectra of a two-phase system with two extreme cases:
parallel A and series B connections between phases.
FIG. 2. Impedance spectra of butoxyethanol; open circles represent experi-
mental data, and line represents fitting with an ideal RC circuit R
=17 k±0.2% ; C=110−10F±0.4% .
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nol, 2=10, within the margin of errors, so that there is no or
minor influence of particles on impedance spectra at high
frequency at least for the slurry with 5 vol % solid loading.
On the other hand, the dielectric constant calculated from
low frequency semicircle is equal to that of SrTiO3, 1
=300, within the margin of errors. Similarly there is no or
only minor influence of the liquid on the value of effective
dielectric constant within the low frequency range. These
results show that the permittivities of particles and the liquid
phase in nonaqueous slurry can be extracted by impedance
spectroscopy technique. Dielectric losses in the slurry are
mostly connected with the conductivity of the liquid as
dominating source of the losses for both high and low fre-
quency semicircles. So, it is impossible to extract informa-
tion about dielectric losses in the powder material at least for
such good dielectrics as strontium titanate.
As mentioned above, determining the dielectric constant
of particles by measurement of the effective dielectric con-
stant of slurry and using effective medium models may result
in significant differences of calculated values by several or-
ders of magnitude. Minor variations of the solid loading in
slurries or nonideal particle distribution can lead to signifi-
cant errors in estimating the dielectric constant of particles.
On the other hand, impedance spectroscopy techniques allow
a reliable measurement of particle dielectric constant using
slurries since different frequency ranges are selected to sepa-
rate the contributions of the liquid and particles on imped-
ance spectra.
Figure 4 shows the dielectric constant of SrTiO3 par-
ticles dispersed in butoxyethanol at different solid loadings.
The dielectric constant values were calculated from low fre-
quency semicircle of the impedance spectra in Fig. 3. It is
revealed that these values remain nearly constant for solid
loadings from 5 to 35 vol % and equal to 309±3% . The
measurements are quite insensitive to significant changes in
the slurry such as solid loading or sedimentation of particles,
so that the presented technique utilizing impedance spectros-
copy offers a reliable and reproducible approach to measure
the dielectric constant of particles.
SUMMARY
A common approach to estimate the dielectric constant
of particles is based on the dielectric measurements of slur-
ries and applying the mixing rules derived from the effective
medium theory, such as the Lorentz-Lorenz equation and its
modifications. However, these approaches often result in
high margin of errors due to sensitivity of theoretical models
to small deviations in measured values. Minor changes in
measured values of slurry permittivity may lead to signifi-
cant difference in calculated values of particle permittivity
up to several orders of magnitude.
The present study shows that the impedance spectros-
copy allows a reliable measurement of the dielectric constant
of particles dispersed in liquids with an appropriate conduc-
tivity. This method allows calculation of the dielectric con-
stant of particles with higher accuracy by analyzing the fre-
quency dependency of the impedance spectra affected by
dielectric properties of a slurry consisting of particles and
liquid phase. The measurements are not significantly affected
by slurry properties such as solid loading, agglomeration,
and sedimentation of particles.
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